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Hybrid quantum registers consisting of different types of qubits offer a range of advantages as well
as challenges. The main challenge is that some types of qubits react only slowly to external control
fields, thus considerably slowing down the information processing operations. Here, we propose
and demonstrate an indirect control scheme that allows us to control the nuclear spins of an NV
center indirectly, by control operations applied to the electron spin, combined with free precession
under the anisotropic hyperfine interaction. The scheme provides universal control and we present
two typical applications : polarizing the nuclear spin and measuring nuclear spin free induction
decay signal, both without applying radio-frequency pulses. This scheme is versatile as it can be
implemented over a wide range of magnetic field strengths and at any temperature.
Hybrid quantum systems [1], such as electron-nuclear
spins of nitrogen vacancy (NV) center in diamond [2],
have emerged as useful physical systems for implementing
quantum computing and imaging [3–7]. The difference in
the inherent properties of the two subsystems are often
useful, e,g. for implementing fast gate operations on the
electron spin and achieving long information storage in
the nuclear spin. However, it also provides challenges for
the coherent control of hybrid spin systems, e.g. since
the interaction between the nuclear spin magnetic mo-
ment and the control fields is orders of magnitude weaker
than that of the electron spins, which has relatively short
coherence times. To alleviate this problem, we propose
and demonstrate an experimental scheme that does not
require any radio-frequency pulses and therefore achieves
much faster operations on the nuclear spins. Instead, it
uses only microwave (MW) pulses acting on the electron
spin, combined with free precession under the effect of
anisotropic hyperfine interactions between the electron
and nuclear spins [8–15]. Compared with earlier works
based on dynamical decoupling [14, 15] or modulated mi-
crowave pulses consisting of hundreds or even thousands
of MW pulse segments [9, 10], our elementary unitary
operations consist of only 2 - 3 rectangular MW pulses
separated by delays, thus greatly reducing the control
cost.
As specific illustrations, we use this scheme to implement
operations that occur in many quantum information or
imaging tasks: we generate and detect nuclear spin co-
herence, transfer population between the electronic and
nuclear spins, and generate a pseudo-Hadamard gate on
the nuclear spin. Using these operations, we polarize the
nuclear spin and measure the nuclear spin transition fre-
quencies using free induction decay (FID) signals. Our
system of interest consists of the electron spin and one
13C nuclear spin, which is relatively weakly coupled to
the electron (A<0.2 MHz). In this system, the nuclear
spin transition frequencies (NMR spectrum) are spread
over a spectral range of more then 200 kHz, which would
be out of reach for direct radio-frequency excitation but
can be readily excited by our indirect control scheme.
The system also contains a 14N nuclear spin, which we do
not consider in this context. Instead, we focus onto the
subsystem where the 14N is (and remains) in the mN=1
state. The spins interact with a weak magnetic field
B oriented along the symmetry axis of the NV-center.
In a suitable reference frame (for details see Methods),
we can write the relevant part of the Hamiltonian as
He,C/(2pi) = DS2z − (νe − AN )Sz − νCIz + AzzSzIz +
AzxSzIx, where Sz denotes the electron spin-1 opera-
tor, and Ix/z the
13C spin-1/2 operators. The zero-field
splitting is D = 2.87 GHz. νe/C = γe/CB denotes the
Larmor frequencies of the spins specified by the indices
for the electron and 13C nuclear spins, with γ being the
gyromagnetic ratio. AN = −2.16 MHz is the secular
part of the hyperfine coupling with the 14N nuclear spin
while Azz and Azx are the relevant components of the
13C hyperfine tensor.
The eigenstates of He,C are |1, ϕ+〉, |1, ψ+〉, |0, ↑〉, |0, ↓
〉, | − 1, ϕ−〉, | − 1, ψ−〉, where | ↑〉 and | ↓〉 are the eigen-
states of Iz, and
|ϕ±〉 = | ↑〉 cos(θ±/2) + | ↓〉 sin(θ±/2)
|ψ±〉 = −| ↑〉 sin(θ±/2) + | ↓〉 cos(θ±/2). (1)
Here |1〉, |0〉 and | − 1〉 are the eigenstates of Sz. θ± =
arctan[Azx/(Azz ∓ νC)] is the angle between the nuclear
spin quantization axis and the z-axis of our coordinate
system, which we chose along the symmetry axis of the
center. The nuclear spin transition frequencies are νC
and ν± =
√
A2zx + (νC ∓Azz)2 if the electron spin is in
the state mS = 0, and mS = ±1, respectively.
The different orientations of the nuclear spin quantiza-
tion axes provide the possibility to achieve indirect con-
trol of the nuclear spin by only controlling the electron
[8, 9]. The basic idea of this scheme is to start with the
electron spin initialised, e.g., in the mS = 0 state and
the nuclear spin aligned along the corresponding quanti-
zation axis, which is close to the z-axis. If a MW pulse
changes the state of the electron spin on a timescale that
is fast compared to the precession period of the nuclear
spin, the nuclear spin remains unchanged during the MW
pulse. After the pulse, it therefore is oriented at an angle
θ± from the new quantization axis and starts to precess.
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FIG. 1: Pulse sequence and Bloch sphere representation for
electron and 13C spins. (a) MW pulse sequence at a fixed
power with the carrier frequency set to the ESR transition
frequency mS = 0 ↔ −1. The pulse durations, phases and
delays are indicated as tk, φk, and τk respectively. (b-d)
Evolution trajectories of electron and 13C spin on the Bloch
sphere under the operations Uc, Up and U90. The initial and
target states are indicated by diamonds and filled circles, re-
spectively. In Fig. (b), Uc maps ρ0 to ρc corresponding to a
mixed electron state and a maximum possible 13C coherence.
In Fig. (c), Up swaps the states between the electron and
13C. In Fig. (d), the electron and 13C spins are both initially
in state |0〉. Under U90, the 13C spin evolves towards the -y-
axis, while the electron returns to its initial state. Here U90
consists of only 2 MW pulses and 2 delays, i.e., t1 =τ1 = 0 in
Fig. (a). The color of each partial trajectory corresponds to
the color in (a). The parameters of these operations are given
in the Methods.
The control procedure then consists in finding the best
combination of precession periods around the different
axes that bring the spin close to the targeted orienta-
tion.
We consider three different operations. The operations
Uc and Up both apply to the initial state ρ0 = |0〉〈0| ⊗
E/2, where the electron spin is in a pure state and the
13C nuclear spin is in a mixed state. The final states are
ρc = Ucρ0U
†
c =
1
2
(|0〉〈0|⊗|s0〉〈s0|+ |−1〉〈−1|⊗|s−〉〈s−|)
(2)
ρp = Upρ0U
†
p = (|0〉〈0|+ | − 1〉〈−1|)/2⊗ | ↑〉〈↑ |. (3)
respectively, where |s0〉 = (| ↑〉 + i| ↓〉)/
√
2 and |s−〉 =
(|ϕ−〉 − |ψ−〉)/
√
2. The third operation U90 = e
−i(pi/2)Ix
is a pi/2 rotation around the x-axis for 13C.
For the experimental implementation, we used a 12C-
enriched diamond crystal at room temperature [16, 17]
with a 13C concentration of 0.002% and used a magnetic
field B = 14.8 mT. We selected a center with a resolved
coupling to a 13C nuclear spin, with the coupling con-
stants Azz = −0.152 MHz and Azx = 0.110 MHz. For
this center, the quantization axis of the nuclear spin is
oriented at an angle θ+ = −10◦, θ− = 86◦ and θ0 = 0
from the z-axis if the electron spin is in the 0 or ±1
state. The MW pulses had a Rabi frequency of ≈ 0.5
MHz, which is small compared to AN and orders of mag-
nitude smaller than νe. Accordingly, they only drive the
transition from the mS = 0 to one of the mS = ±1 states
and are selective for mN = 1.
We generate suitable control operations by considering
sequences of MW pulses separated by free precession pe-
riods, as shown in Fig. 1 (a). To obtain a specific uni-
tary transformation, we consider the pulse durations tk,
phases φk, and the durations τk of the free precession
periods as adjustable parameters and search for their op-
timal values by simulating the resulting evolution and
comparing it with the target operation Uc, U
†
c , Up or
U90. We use a MATLAB
R© subroutine based on genetic
algorithm [18] to find the optimal set of parameters by
maximizing the fidelity of the targeted states (for Up, Uc
and U†c ) or gate (for U90). To obtain sequences that are
robust against fluctuations of the MW power, we aver-
aged the fidelities over a range of MW field amplitudes,
as described in the Methods section. We obtained the-
oretical state fidelities of 92 − 98% for Uc, U†c , and Up
by using sequences of 3 pulses and 3 delays, and gate
fidelity of 92% for U90 for a sequence of 2 pulses and 2
delays. The total duration of these pulse sequences is
≈ 7 − 15µs, shorter than the transverse relaxation time
of T ∗2 ≈ 20µs of the electron spin. Figs. 1(b-d) show the
expected evolution of electron and 13C spins during the
pulse sequence on the Bloch sphere.
The experimental scheme to measure 13C transition fre-
quencies via indirect FID measurement in electron sub-
spaces of mS = {0,−1}, and the pictorial representa-
tions of the state evolution are shown in Figs. 2 (a,
b). The first laser pulse initializes the system to state
ρ0. This is followed by the generation of
13C coher-
ence using Uc, as indicated by the wavelike patterns
in Fig. 2 (b). ρc then evolves freely for a time τ .
U†c converts the final coherence back to population of
mS = 0. The last laser pulse is used to measure the pop-
ulation of mS = 0, and generates a signal proportional to
P|0〉 = Tr{ρcρτ} = [cos(2piνCτ) + cos(2piν−τ)]/8 + 1/4,
with ρτ = e
−iτHe,CρceiτHe,C .
Figs. 2 (c-d) show the experimental scheme and state
representations for the 13C FID in mS = {−1, 1}. It
starts with the same sequence as in (a) to put the system
in to the state ρc. A first 180
◦ pulse applied to the mS =
0↔ 1 transition then transforms ρc into
ρ′c = (|1〉〈1| ⊗ |s0〉〈s0|+ | − 1〉〈−1| ⊗ |s−〉〈s−|)/2. (4)
In the mS = 1 state, the nuclear spin quantization
axis is almost parallel to the z-axis (θ+ ≈ 0◦). There-
fore, the nuclear spin coherence remains an almost equal
weight superposition of the two eigentstates, which sub-
sequently undergoes free evolution for a time τ . Af-
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FIG. 2: Experimental schemes and results for generating and detecting coherence in 13C spin via indirect control. (a, c) Pulse
sequences, where red and blue pulses are resonant with transition mS = 0 ↔ −1 and 0 ↔ 1, respectively. The first laser
pulse initializes the electron and 13C in state ρ0. Uc transforms ρ0 to ρc. The blue rectangles denote 180
◦ rotations of the
electron spin. ρc or ρ
′
c then undergoes free evolution for time τ and U
†
c transfers the evolved coherence back to population of
the mS = 0 state. During the second laser pulse, photon counting measures this population. (b, d) Schematic representations
of the state evolution at each stage of the operation. The filled circles represent the populations and the wavelike patterns
represent coherence. (e-f) Spectra of the 13C spin, measured with the sequences (a) and (c), respectively. The states of electron
spin are indicated in the panels.
ter the free evolution, the second 180◦ pulse exchanges
again the states mS = 1 and mS = 0 and U
†
c works
in the same manner as in Fig. 2 (a). The signal
generated after the last laser pulse is proportional to
P ′|0〉 = Tr{ρ′cρ′τ} = [cos(2piνCτ) + cos(2piν+τ)]/8 + 1/4,
with ρ′τ = e
−iτHe,Cρ′ce
iτHe,C .
Figs. 2 (e-f) show the resulting 13C spectra, obtained
by Fourier transformation of the FID data. Since ρc and
ρ′c contain coherence in two different NMR transitions,
each of the resulting spectra features two resonance lines.
The measured transition frequencies are 0.159, 0.111, and
0.328 MHz and agree well with the analytical solutions
for νC , ν− and ν+ respectively.
As yet another illustration, we use Up to polarize
13C
- a necessary step in realizing quantum computation
[13, 14, 19–24]. Fig. 3 shows the experimental scheme
and the results. The polarization of 13C is detected via
FID measurements of the electron. As shown in Fig.
3, the amplitudes of the two lines in the spectrum are
proportional to the populations P|0↑〉 and P|0↓〉. The in-
set shows the nuclear spin polarisation p = P|0↑〉 − P|0↓〉
as a function of the laser pulse duration, for a laser
power of about 0.5 mW. It can be fitted by the func-
tion prepo = 0.31 − 0.51e−(α+β)dL + 0.50e−2γdL , where
α = 1.10, β = 0.41 and γ = 0.022 µs−1 are the pumping
rates for states | − 1, ↑〉 → |0, ↑〉 (or | − 1, ↓〉 → |0, ↓〉),
| − 1, ↑〉 → |0, ↓〉 (or | − 1, ↓〉 → |0, ↑〉), and |0, ↑〉 ↔ |0, ↓〉,
respectively. The highest polarisation of pmax ≈ 80%
was reached for a laser pulse duration dL = 1.1µs.
In the following, we use this polarized state to demon-
strate the pseudo-Hadamard gate U90. We detect its ef-
fect by implementing the standard 13C FID experiment
(see, e.g., [22, 25]. The MW pulse sequences and ex-
perimental results are shown in Fig. 4. Unlike in sub-
space mS = 0, we replace U90 by a 180
◦
y MW pulse that
transforms mS = 0 to −1, and generates a coherence be-
tween |ψ−〉 and |ϕ−〉 of 13C in mS = −1 subspace since
θ− ≈ 90◦. The scheme for mS = 1 subspace is similar
to the case of mS = 0, except that we transfer the spin
states between mS = 0 and mS = 1 using 180
◦
y pulse
before and after the free evolution time τ . The measured
transition frequencies are measured as 0.158, 0.110 and
0.328 MHz, matching well with νC , ν− and ν+.
In conclusion, we have demonstrated highly efficient con-
trol of nuclear spins in a solid-state system without us-
ing any radio-frequency irradiation. Instead, we relied on
suitably chosen sequences of microwave pulses that drive
the electronic spin and thereby modulate the anisotropic
interaction and the effective field acting on the nuclear
spins. The scheme was verified for the example of dia-
mond NV-centers, working at room temperature. Using
this technique, we implemented several fundamental uni-
tary operations for quantum computing, such as gener-
ating quantum coherence, transferring populations, and
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FIG. 3: Polarization scheme and experimental results. (a)
Pulse sequence. In the initialization step, the electron and
13C spins are set into state ρ0. For the population transfer,
we apply MW pulses to transfer the population from states
|0, ↓〉 to | − 1, ↑〉. In the polarization step, a laser pulse resets
the electron from mS = −1 back to mS = 0. We then measure
an electron spin FID on the transition mS = 0 ↔ mS = 1
to determine the populations of the carbon spin states | ↑〉
and | ↓〉. Here we use MW pulses with a Rabi frequency of
3.7 MHz to reduce the operation time, since the selectivity
for the subspace of 14N state is not required. The peaks of
other 14N states are also observed but not shown here. (b)
Schematic representation of the state during the intermediate
steps in (a). The filled circles denote the population size.
The short (long) vertical double arrows indicate the transition
mS = 0 ↔ −1 (mS = 0 ↔ 1). (c) ESR spectra of the
mS = 0 ↔ 1 transition when the 13C spin is in the thermal
state and when it is polarized with a laser pulse of duration
dL = 1.1 µs resulting in a polarization p ≈ 80%. In inset
shows the dependence of the population difference p on the
laser pulse duration dL.
Hadamard-like gate. For this demonstration, we only
used 2 or 3 MW control pulses, resulting in short gate
times. Our scheme does not require a specific choice
of the magnetic field, it can be used at arbitrary tem-
perature and applied to different types of hybrid qubit
systems.
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